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ORIGINAL ARTICLE 

Deregulated WNT signaling in childhood T-cell acute 
lymphoblastic leukemia 

OH Ng\ Y Erbilgin\ S Firtina\ T Celkan^ Z Karakas^ G Aydogan^ E Turkkan^ Y Yildirmak^ C Timur^ E Zengin^ JJM van Dongen^ 
FJT Staal^'^° U Ozbek^ and M Sayitoglu^ 

WNT signaling has been innplicated in the regulation of hematopoietic stem cells and plays an important role during T-cell 
development in thymus. Here we investigated WNT pathway activation in childhood T-cell acute lymphoblastic leukemia 
(T-ALL) patients. To evaluate the potential role of WNT signaling in T-cell leukomogenesis, we performed expression analysis of key 
components of WNT pathway. More than 85% of the childhood T-ALL patients showed upregulated p-catenin expression at the 
protein level compared with normal human thymocytes. The impact of this upregulation was reflected in high expression of known 
target genes {AXIN2, c-MYC, TCFl and LEF). Especially AXIN2, the universal target gene of WNT pathway, was upregulated at both 
mRNA and protein levels in ~40% of the patients. When f^-CAJENlN gene was silenced by small interfering RNA, the cancer cells 
showed higher rates of apoptosis. These results demonstrate that abnormal WNT signaling activation occurs in a significant fraction 
of human T-ALL cases independent of known T-ALL risk factors. We conclude that deregulated WNT signaling is a novel oncogenic 
event in childhood T-ALL. 
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INTRODUCTION 

It is generally accepted that T-cell acute lymphoblastic leukemia 
(T-ALL) results from malignant transformation of normal develop- 
ing T cells in the thymus, the so-called thymocytes. T-ALL 
represents 15% of childhood and 25% of adult ALL. Chromosomal 
aberrations leading to abnormal fusion proteins, as often found as 
causative factor in precursor B-ALL, are not commonly found in 
T-ALL. However, aberrant regulations of signaling pathways that 
control normal T-cell development in the thymus are important 
for T-ALL leukomogenesis. These pathways are strictly regulated, 
as many of the key molecules in these pathways are considered 
proto-oncogenes. These oncogenes can be activated by rearran- 
gement to one of the T-cell receptor loci that is, in fact, the case in 
at least one-third of T-ALL patients.^ Deregulated signaling is 
considered a major contributing factor in leukomogenesis of 
T-ALL. This is exemplified by the Notch pathway that is critically 
important for normal T-cell development but, when constitutively 
activated through somatic mutations, it invariably leads to T-ALL.^ 
Another pathway that is important for T-cell development and is 
similarly evolutionary conserved from flies and worms to mice and 
humans is the WNT pathway.^ WNT proteins are intercellular 
signaling molecules that regulate developmental processes such 
as cell-fate decisions, proliferation of progenitor cells and 
establishment of dorsal-ventral axis and control of asymmetric 
cell division.^ p-Catenin (p-catenin, CTNNBl) is the key mediator of 
canonical WNT pathway. In the presence of WNT proteins, 
P-catenin accumulates in the cytoplasm and moves to the nucleus 
where it interacts with transcription factors of the T-cell factor 



(Tcf)/lymphoid enhancer factor family. The complex of p-catenin/Tcf 
or p-catenin/Lef leads to target gene expression modulation 
in nucleus^ and cooperates in neoplastic transformation.^ 
The expression of WNT proteins in bone marrow indicates that 
they may influence fetal and adult development of hematopoietic 
stem cells.^ Lymphocyte progenitor cells appear to be regulated by 
WNT signals with respect to survival and expansion that may be 
partly mediated via the high specificity of immature progenitor cells 
toward WNT proteins.^'^ Previous studies have shown that 
deregulation of the WNT pathway has potent oncogenic effects in 
tissues such as colon, breast and prostate.^ According to the 
previous studies, genetic or epigenetic deregulation of WNT 
signaling is also involved in pathogenesis of different 
hematological malignancies including chronic myeloid leukemia, 
chronic lymphoblastic leukemia, acute myeloid leukemia and 
13,14 importance are mouse models showing that activated 
P-catenin can lead to T-cell lymphomas in the thymus^"^ and that 
loss of Tcf as tumor suppressor gene leads to /.ef- /-dependent high 
Wnt signaling, causing aggressive T-cell lymphomas.^ ^ However, 
many of these studies on hematological malignancies were 
performed in mouse models, showing the potential of aberrant 
Wnt signaling in T-AII development, but revealed limited data about 
the role of WNT pathway in human T-ALL samples. In a previous 
study, we determined several variations in the APC and AXINI genes 
that may play a role in the regulation of the p-catenin protein levels 
in childhood ALL patients.^^ 

In this study, we performed a more genome-wide analysis on 
the role of WNT signaling in childhood T-ALL, also focusing on 
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several key components of this pathway. Consequently, we define 
abnormal WNT pathway activation in a group of childhood T-ALL 
cases, independent of Notch activation and other known 
chromosomal aberrations. 



MATERIALS AND METHODS 

Case-control selection 

A total of 71 (18 girls and 53 boys) childhood T-ALL patients diagnosed at 
Istanbul Medical Faculty and Cerrahpasa Medical Faculty of Istanbul 
University were included in this study. Median age was 8.05 years 
(min-max 1.3-16.9) and median white blood cell count was 61 200 x lOVl 
(min-max 1000-603 000). The patients were diagnosed according to FAB 
(French-American-British) classification criteria and treated with the BFM 
(Berlin-Frankfurt-Munster)-ALL protocol. The bone marrow samples that 
were taken for diagnostic purposes, with a blast load of ^90% and the 
CD7 positivity of ^90%, were included in the study.^^ The NOTCH! and 
FBXW7 mutation rates of the study population were 21% and 10%, 
respectively.^^ To be able to compare the patients with their stage-specific 
controls, the patients were classified according to the EGIL (European 
Group for the Immunological Characterization of Leukemias) proposal for 
T-ALL.^' 

We used thymocyte subsets (double negative (DN), immature single 
positive, double positive (DP) DP CD3+ and DP CD3", single positive (SP) 
SP CD4 + , SP CD8 + , n = 6) as controls that is defined by Weerkamp et al^ 
The ethical committee of Istanbul Medical Faculty (reference number and 
date: 2008/305 and 20.02.2008) approved this study and written informed 
parental consents were obtained. 

RNA isolation and cDNA synthesis 

Total RNA was isolated by Qiagen RNeasy Plus Mini Kit (Qiagen GmbH, 
Hilden, Germany) and complementary DNA (cDNA) was synthesized by 
random hexamers and Moloney Murine Leukemia Virus reverse transcrip- 
tase from 1 |ig of total RNA according to the manufacturer procedures (MBI 
Fermentas, Vilnius, Lithuania). 

Microarray analysis 

In all, 31 T-ALL samples were studied by microarray analysis. The RNA 
quality and quantity were detected by Bioanalyzer 2100 (Agilent, 
Santa Clara, CA, USA) and Nanodrop ND1000 (Thermo Fisher Scientific, 
Lafayette, CO, USA). Affymetrix One cycle cDNA synthesis kit (Affymetrix, 
Santa Clara, CA, USA) was used for cDNA and cRNA synthesis. The samples 
were biotin labeled by Affymetrix IVT labeling kit. The samples were 
hybridized overnight at 42 °C with GeneChip HU-133 Plus.2 microarray 
chips and scanned by GeneChip scanner 3000 at the Department of 
Immunology, Erasmus Medical Center, Rotterdam, The Netherlands. 
Microarray data are available at http://www.ncbi.nlm.nih.gov/geo/ (acces- 
sion no. GSE46170). 

Data analysis 

Raw microarray data were normalized by the robust multiarray average 
method as described by Irizarry et al?^ Following normalization, the 
analysis was performed using BRB Array tools version 3.7.1 developed by 
Richard Simon and Amy Peng Lam.^^ Microarray analysis was performed 
taking into account the guidelines as formulated for such studies by three 
large European consortia.^ ^ As the tumor load was >90% in all cases, no 
purification was performed as indicated by the study by de Ridder et al}^ 
The normalized intensities applied to BRB array tools data filtering. The 
data that showed <20% expression values and a twofold change in either 
direction from the gene median value were excluded. 

Analysis of gene expression by real-time quantitative PCR 
Real-time quantitative PCR was carried out on the Light Cycler 480 
Instrument (Roche Applied Sciences, Manheim, Germany). The specific 
primer probe sets are given at Supplementary Table 1. Real-time 
amplification was performed with Light Cycler 480 Probe Master Mix 
(Roche) as described in the protocol. For normalization, the most 
stable three genes ip-ACTIN, CYCLOPHILIN and ABL) were selected by 
GeNorm (V3.4, Amel, Belgium) software.^^ Relative expressions were 
calculated according to the AACt method, based on the mathematical 
model described by Livak et al}"^ 



Protein detection assays 

For western blot analysis, lysates containing 20|ig of protein were 
separated by electrophoresis on a 10% SDS-polyacrylamide gel and 
transferred onto nitrocellulose membranes. To detect total p-catenin 
(Catenin-p AB-2 rabbit polyclonal; Millipore, Billerica, MA, USA) and active- 
P-catenin (anti-ABC, clone 8E7, mouse monoclonal IgGIK; Millipore), two 
different antibodies were used. HEK293 cell line, both LiCI treated and not 
treated, was used as positive controls. For immunofluorescence assay, 
1x10^ cells were fixed by cytospin (Thermo Scientific, Waltham, MA, USA). 
In each staining, nuclei were detected by 4,6-diamidino-2-phenylindole 
and the analyses performed on digital florescence microscope (Leica CTR 
6000, Leica, Wetzlar, Germany). We utilized the in situ proximity ligation 
assay (PLA) for detection of Axin 2 expression, and p-catenin/Tcf 4 protein 
interaction in patients and T-ALL cell lines.^^ This method allows detection 
of proteins, protein-protein interactions using proximity probes (that is, 
antibodies conjugated to a short DNA strand) to target the individual 
partners involved in protein complex. p-Catenin was recognized by a 
rabbit monoclonal antibody (E247 to p-catenin; Abeam, Cambridge, 
MA, USA), Tcf4 was detected by goat polyclonal antibody (Tcf-4 C-19, Santa 
Cruz Biotechnology, Santa Cruz, CA, USA), and we used a rabbit polyclonal to 
Axin2 (Axin2, Abeam). To detect the primary antibodies with in situ PLA, 
secondary proximity probes binding rabbit and goat immunoglobulin (PLA 
probe rabbit PLUS and MINUS, and PLA probe goat MINUS; Olink Bioscience, 
Uppsala, Sweden) were used respectively. The detection of the bound 
proximity probes was performed with in situ PLA detection kit 613 (Olink 
Bioscience) according to the manufacturer's instructions. 

Mutation analysis 

T-ALL patients and cell lines were analyzed for the mutations of p-CATENIN 
(exons 2 and 3). The primers were used as follows; forward 5'-TTCCCCTGAG 
GGTATTTGAAGTAT-3' and reverse 5'-CATGCCCTCATCTAATGTCTCAG-3'. 
Amplified samples were run with denaturing high-performance liquid 
chromatography (Transgenomic, Omaha, NE, USA). Different chromato- 
grams were directly sequenced and analyzed by the CLC combined 
Workbench software (V.3.6.1, Aarhus, Denmark). 



TOP/FOP Luciferase reporter assay 

In order to detect the effect of the Q68P mutation, which was described 
first time by this study, on p-CATENIN expression, we designed a TOP/FOP 
luciferase assay.^^ First, we purchased two p-CATENIN expression plasmids, 
one carrying the wild-type (Addgene plasmid 16828, Cambridge, MA, USA) 
and the other carrying the S33Y (Addgene plasmid 19286) mutation.^^ 
Moreover, we have synthesized the Q68P mutation commercially (Gene 
Art, Invitrogen Life Sciences, Carlsbad, CA, USA). Afterwards, the HEK293 
cells (300000/well) were transfected by Fugene6 transfection reagent 
(Promega, Madison, Wl, USA) as described by the manufacturer's protocol 
with three different conditions. Dual-Glo Luciferase Assay kit is used 
(Promega) and luciferase expressions were measured on luminometry 
(Synergy MX, Biotech, Winooski, VT, USA). Each condition was studied in 
duplicate and the experiment was repeated for three different times. 



Cell culture and siRNA treatment 

Molt4 T-ALL cell line was kindly provided by Dr Anton W Langerak, 
Department of Immunology, Erasmus Medical Center. To repress 
p-CATENIN, a pool composed of four predesigned small interfering RNA 
(siRNA) (ON-TARGETplus SMARTpool Human-CTNNBI; Thermo Fisher 
Scientific) was used. Cells treated with nontargeting siRNA pool 
(Dharmacon, Inc., Lafayette, CO, USA), with only transfection reagent 
(mock) and untreated cells were used as controls. The siRNAs were 
transfected into Molt4 cells with Oligofect-AMINE reagent (Invitrogen). 
Cells were seeded into 24-well plates with a number of 3 x 1 0^ viable cells/ 
well, incubated for 12 h prior transfection, transfected with 20|iivi siRNA 
and incubated for the indicated time points (24, 33, 48 and 72 h). The 
experiment was repeated for three different times. 

Detection of apoptosis by flow cytometry 

To analyze the percentage of apoptotic cells by flow cytometry, p-CATENIN 
siRNA-treated Molt4 cells were stained with FITC conjugated annexin V and 
propidium iodide (Apoptest-FITC; Dako, Hoeven, The Netherlands). Data 
were analyzed using the FACSDiva software application (Becton Dickinson, 
Pharmigen, San Jose, CA, USA). 
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Statistical analysis 

Relative expressions were compared by two tailed f-test where appro- 
priate. The P-value of <0.05 was considered statistically significant. 
The Kaplan-Meier method was used to estimate survival rates. The median 
follow up was 54.28 months (min-max 0.1-180 months). Overall survival 
was defined by the interval from the date of diagnosis to the date of death 
or last follow-up. Relapse-free survival was the duration from the date of 
complete remission to the date of analysis or to the first event (failure to 
achieve remission (early death or resistant leukemia), relapse or death in 
complete remission). Differences were compared with the two-sided log- 
rank test. All statistical analyses were done by SPSS for windows 19.0 (IBM 
SPSS Data Editor Inc., Chicago, IL, USA) and GraphPad Prism 5.04 software 
(GraphPad Software Inc., La Jolla, CA, USA). 



RESULTS 

Microarray study 

We defined a gene list comprising members of WNT signaling 
pathway based on the information obtained from public 
databases and web portals (NCBI Entrez Gene, The WNT 
Homepage (http://www.stanford.edu/ ~ rnusse/wntwindow.html) 
to mine the microarray data for genes from the WNT pathway 
on 3 IT-ALL patients. The data set was filtered to exclude genes 
showing minimal variation across the set of arrays from the 
analysis. Following filtering, 12 WNT signaling member probe sets 
(TCF4 (also known as TCF7L2), CTNNBI, LRP6, LEFT, TCF1 (also 
known as TCF7), c-MYC and FZ6) were found to be differentially 
expressed with a P-value of <0.05 (Figure 1). A two-way clustering 
algorithm, namely complete linkage with 'Euclidian distance' 
correlation, was used to cluster genes and samples. Patients and 
control subsets were distributed differentially in the dendogram. 



Also, ^50% of T-ALL patients showed at least twofold change in 
P-CATENIN expression. The gene for TCF4 gene was highly 
upregulated in the patient group, whereas TCFl did not show 
differential expression in patients compared with controls. The 
heat map result shows that the WNT members are differentially 
expressed in a case-restricted manner and that high WNT 
signaling is not a feature common to all patients but restricted 
to a substantial subset of patients. 



Elevated levels of p-catenin in childhood T-ALL 
To validate the array findings, we studied in a patient group 
{n = 7^) the expression levels of the key molecule ^-CATENIN by 
quantitative real-time PGR. The mRNA expression (P = 0.007, 
Figure 2a) and protein expressions (Figure 2c) were found to be 
significantly upregulated in the majority of the patients. To detect 
whether this accumulation leads to translocation of active 
P-catenin into the nucleus, we also performed immunofluorescence 
staining in primary patient samples and showed activated 
(dephosphorylated) p-catenin in the nucleus of T-ALL cases 
(Figure 2b).^^ 

To identify whether the observed active p-catenin-mediated 
WNT signaling in T-ALL patients is caused by mutations in the 
P-CATENIN gene, the hot spot regions were analyzed using 
denaturing high-performance liquid chromatography and direct 
sequencing. Only in one patient, a novel variation for f^-CATENlN 
(c.418A>G, RQ68P, Figure 3a) has been identified. TOP/FOP 
reporter assay analysis revealed that Q68P mutated plasmid had 
significantly elevated p-catenin activity when compared with wild- 
type and S33Y mutant p-CATENIN (P = 0.004, Mann-Whitney 
U test; Figure 3b). 



Dendogram for clustering experiments, 
using euclidean distance and complete linkage 




1 10 20 30 38 

Figure 1. The heatmap diagram of WNT signaling members in T-ALL patients and controls. Gene and samples clustered using Euclidean 
distance and complete linkage method for the probe sets in 31 T-ALL patients, total thymus tissue and thymocyte subsets (SP4 (CD4 single 
positive), SP8 (CDS single positive), DP total (CD4 + CD8+ double positive CD3+/CD3), thymus (total thymus tissue), DP3" (CD4 + CD8 + 
double positive CD3 negative), ISP (immature single positive) and DN (CD3~, CD4~, CD8~). The patient samples were clustered between the 
numbers 1 and 27 and coded with the letter T. Gene names are shown as they are represented by the annotation file of Affymetrix: CTNNB1, 
P-CATENIN, TCF7L2(TCF4), LRP6, LEFT, TCF7 (TCFl), MYC and FZD6. 
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Figure 2. Elevated levels of p-CATENIN in T-ALL patients, (a) Elevated expression of p-CATENIN in T-ALL sannples compared with thymic subsets 
(SP4 + , SP8 + , DP3 + , DP total and total thymocytes). The horizontal bar represents mean value. mRNA levels are normalized to the 
geometric mean of three reference genes {ABL, p-ACTIN and CYPA). The gene expression level of p-CATENIN was significantly higher in T-ALL 
patients as compared with normal T cells (P = 0.007, by Mann-Whitney test), (b) Immunofloresence analysis of activated l\/lolt4 cell lines and 
two representative T-ALL patients (T103 and T136 are patient numbers) were immunostained for p-catenin (red) and active-p-catenin (green). 
Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, blue). Original magnification x 100. Active-p-catenin (dephosphorylated 
P-catenin) immigrates into the nucleus, (c) Western blot analysis of total and active p-catenin in T-ALL patients and total thymocytes. Results of 
six representative patients are shown (T9, T54, T71, T83, T53 and T81 are patient numbers). Protein level was normalized to p-actin 
(bottom panel). 



Defining the interaction of p-CATENIN and TCF/LEF transcription 
factors 

At first, the mRNA expressions of TCF/LEF transcription factors 
were studied in T-ALL patients, and TCF4 {TCF7L2, P = 0.004, 
Figure 4a) and LEFl (P = 0.002, Figure 4c) genes showed high 
levels of mRNA expression, whereas no significant difference was 
found for TCFl (TCF7, P = 0.13, Figure 4b). Then, we showed the 
protein-protein interactions between activated p-catenin and 
TCF/LEF transcription factors in the primary patient samples 
(Figure 4d) and cell lines, IVlolt4 and CEM (Figures 4e and f 
respectively) by proximity ligation assay. 



Effects on downstream genes 

Downstream target genes of p-catenin such as AXIN2, CCNDI and 
c-MVC were studied, to define the impact of p-catenin and TCF/LEF 
interaction. CCNDI showed a significant upregulation (P<0.001), 
whereas c-MYC expression did not show any difference between 
controls and samples (P = 0.26; Supplementary Figure 1). To 
evaluate the active WNT signaling among childhood T-ALL 
patients, we mainly focused on AXIN2 gene, as it is considered a 
universal WNT target. The mRNA of AXIN2 gene was high in a 
significant number of cases (28 out of 71 ) and almost half of these 
patients were at the immature stage (TI/TII vs DN controls 
P = 0.001, Figure 5a). Axin2 protein was also detected by in situ 
PLA (Figures 5c-e) and by western blot (Figure 5f) in T-ALL 
patients. 



Inhibited p-CATENIN expression leads T cells to apoptosis 
To address the results of upregulated WNT signaling we designed 
a siRNA experiment by using a siRNA cocktail which consists of 
four different siRNA to block p-CATENIN gene in the T-ALL cell line 
Molt4. We determined apoptotic effects of decreased p-CATENIN 
expression. The p-catenin-targeted siRNA treatment suppressed 
the p-CATENIN expression threefold on mRNA level at 24 h and the 
expression remained the same at 33 and 48 h, whereas the effect 
was lower at 72 h (Figure 6a). This suppression was also confirmed 
in protein level by in situ PLA (Supplementary Figure 2). 
We assessed the effects of p-CATENIN suppression on apoptosis 
at 48 h and detected increase in the apoptosis. We analyzed the 
three independent experiments, and p-CATENIN siRNA-treated 
cells showed significantly high apoptosis rate according to the 
controls (P = 0.003) (Figures 6b and c). 

Defining WNT-active patient group 

Here we showed a group of T-ALL patients with high AXIN2 levels 
(^40%), an indication of active WNT signaling. To elucidate the 
cause of ectopically high WNT signaling in our cohort, we performed 
a supervised clustering analysis between patients with high and 
normal AXIN2 mRNA levels. The most differentially expressed genes 
are shown in Supplementary Table 2. The list contains genes that 
play a role in T-cell and hematopoietic development, with stem cell 
and non-T-cell lineage genes highly expressed in the /\XIN2-h\gh 
group, whereas T cell-specific genes associated with T-cell commit- 
ment were found in the yAX/A/2-normal group. 
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Figure 3. p-CATENIN nnutation was detected in one patient, (a) The 
sequence analysis was done by CLC work bench. The forward and 
reverse reads are aligned to the reference sequence, and reverse 
read is taken as reverse connplement. Direct sequencing diagram 
C.418 A>Q P.Q68P. (b) TOP/FOP reporter assay analysis revealed 
that Q68P nnutated plasnnid had significantly elevated p-catenin 
activity when connpared with wild-type and S33Y mutant p-CATENIN. 
Luciferase reads from TOP/FOP reporter assay. Q68P, Q68P mutated 
P-catenin plasmid; S33Y, S33Y mutated p-catenin plasmid; WT, wild 
type p-catenin plasmid. 3x10^ HEK293 cells/well were transfected 
by Fugene6 transfection reagent. All three p-CATENIN plasmids were 
co-transfected with TOP and FOP plasmids. Each well was also 
transfected with a plasmid expressing Renilla luciferase as an 
internal control. 



When the clinical features of the patients with activated WNT 
signaling were analyzed, according to their maturation steps 41% of 
these cases were falling in TI/TII group, whereas only 29% of the 
patients with normal AXIN2 levels were classified as TI/TII. Sex 
(P = 0.14), white blood cell counts (P = 0.51), risk group (P = 0.12), 
central nervous system involvement (P = 0.78) and high AXIN2 
levels showed no significant correlation, whereas other organ 
involvements were detected more frequently in the WNT-active 
group (P< 0.001). The Kaplan-Meier estimate of probability of both 
overall (P = 0.16) and relapse-free survival (P=0.34) according to 
AXIN2 expression levels showed no significant difference, but the 
survival rates of patients with high AXIN2 levels were lower than the 
patients with normal AXIN2 levels (Figures 7a and b). We also 
checked whether high AXIN2 levels are independent from NOTCH 1 
mutations and found no significant difference between the NOTCH 1 
mutation rate and AXIN2-h\gh {P=053) and /AX/A/2-normal 
(P = 0.55) patients. The AXIN2 expression levels were also compared 
with the expression levels of known T-ALL oncogenes {LM02, LYL1, 
TLXl, TLX3, BMI and TALI) and no correlation was found. 



DISCUSSION 

In the present study, we aimed to clarify the involvement of WNT 
pathway in the pathogenesis of human T-ALL and showed a 
significant subset of T-ALL patients displaying p-catenin-mediated 
WNT signaling that may alter cell characteristics. Although Wnt 



signaling is not thought to involve high mRNA levels of p-CATENlN, 
high (nuclear) protein expression of p-catenin is a typical 
characteristic of Wnt signaling. Here we found that in most 
patients high mRNA expression correlated with high protein 
expression, and using an antibody specific for the active form of 
p-catenin, high, nuclear p-catenin was found, indicative of active 
Wnt signaling in these leukemic cells. More than 85% of the 
childhood T-ALL patients showed upregulated p-CATENIN expres- 
sions. To identify whether this activation is ligand independent, 
T-ALL patients were screened for p-CATENIN mutations and 
a novel nonsynonymous alteration (Q68P) was detected in one 
patient. TOP/FOP assay showed increased p-CATENIN activity 
when compared with wild-type and S33Y mutant, and when we 
checked this individual patient, both microarray and mRNA 
expressions were extremely higher than in controls. Although 
this is a novel variation, another mutation was reported in the 
same codon previously (Q68^stop) in a gastric carcinoma 
patient.^^ Recently, Groen et al.^^ published known p-CATENIN 
mutations in T-lineage lymphomas, giving us the idea that 
p-CATENIN mutations take part in T-cell differentiation 
abnormalities. We previously determined the mutations in 
p-catenin degradation complex genes; APC and AXINl in 
childhood acute leukemia patients.^^ Unlike solid tumors,^°'^^ 
the mutation frequencies in AXINl, APC and CTNNBl genes 
together accounted for only ~5% of the T-ALL patients, and this 
gives the idea that the contribution of these mutations far 
exceeded T-cell leukemogenesis. All these findings may imply that 
high levels of p-catenin give a survival advantage to malignant 
T cells, and according to our findings when the expression was 
suppressed by siRNA, cells are led to apoptosis in vitro. 

This study also showed the interaction of p-catenin and Tcf/Lef 
transcription factors in primary patient samples that are previously 
known to regulate the cells to differentiate, grow or divide.^^'^^ 
Both Tcf/Lef transcription factors are expressed in developing 
T lymphocytes in the thymus^"^'^^ and required for normal 
thymocyte survival and differentiation.^'^^ These transcription 
factors interact with both co-activator and corepressor proteins 
and, depending on the p-catenin existence, they activate the 
downstream targets.^'' TCF4 overexpression was shown in some 
solid tumors^^ but there are no available data on acute leukemia 
development. On the other hand, there are controversial findings 
regarding overexpression of LEFl that was correlated with bad 
prognosis in adult pre-B ALL, whereas it is considered a good 
prognosis marker in cytogenetically normal acute myeloid 
leukemia.^^''^^ Gutierrez et aif"^ showed loss of Lefl activity 
caused by microdeletions and truncating mutations especially in 
cortical stage T-ALL patients. It should be noted that LEFl is also a 
WNT target gene that can not only mediate WNT signaling but 
also repress it, depending on the isoform expressed. In our study, 
high LEFl merely indicates high WNT signaling. All the studies 
mentioned above including our findings are supporting the two- 
sided action of LEFl gene. 

Downstream targets of WNT signaling, CCNDI and AXIN2, both 
showed increased expressions in our patient cohort. TCF4, which is 
also found to be upregulated here, is one of the transcriptional 
regulators of CCNDI gene"^^ and this upregulation can be 
explained as due to p-catenin-mediated WNT signaling. 
As CCNDI is activated through several mechanisms, it is not a 
specific indicator of WNT activation. On the other hand, Axin2 
expression is restricted to the regions that have increased 
p-catenin expression and is considered a universal WNT target 
gene."^^ In this study, along with increased levels of p-catenin, a 
group of patients had high Axin2 expressions, which we define as 
WNT-active group, and, interestingly, a majority of these patients 
were classified in TI/TII, the so-called immature stage. An 
intriguing possibility is that the deregulated WNT signaling in 
the AXIN2-h\gh (WNT-active) group may impose an immature 
phenotype on the T-ALL cells and even confer self-renewal 
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Figure 4. Expression of transcription factors Tcf/Lef and their interactions with p-Catenin. (a) TCF4, (b) TCF1 and (c) LEFl relative expression 
levels were detected by real-time quantitative PGR (RQ-PCR) in T-ALL patients. Patients were connpared with their representative thynnic 
subsets. nnRNA levels are relative to the geonnetric nnean of three reference genes {ABL p-ACTIN and CYPA). Colocalization of p-catenin/Tcf4 was 
detected by in situ PLA in (d) one T-ALL patient, (e) Molt4 cell line and (f ) CEM cell line. Red indicates in situ PLA signals, and blue indicates cell 
nuclei. 
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Figure 5. AXIN2 expression in prinnary patient sannples and cell lines, (a) Elevated nnRNA levels of AXIN 2 in T-ALL sannples connpared with their 
representative thynnic subsets (DN, double negative; DP, double positive; SP, single positive), (b-e) In situ PLA signals dennonstrating 
expression of Axin2; Jurkat cell line was used as a positive control (b), three different T-ALL patients were represented in (c-e). Red indicates 
in situ PLA signals for Axin2, blue indicates cell nuclei. Original nnagnification x 100. (f) Axin2 expression was also verified by western blot 
analysis, and CEM and Jurkat cell lines were used as positive controls. 



properties on these cells or a subpopulation thereof (leukemic 
stem cells). There was no significant effect of high AXIN2 
expression on survival rates, whereas organ involvement was 
significantly higher in this group of patients that refers to more 
aggressive forms of the disease. 

Findings discussed above indicate abnormal WNT activation in a 
significant group of T-ALL patients. To identify whether this 
activation is related to other known genes in T-ALL pathogenesis 



(such as NOTCH 1 mutations or T-ALL oncogene expressions like 
LM02, LYL, TALI and so on) we evaluated these risk factors for our 
patient group in which we previously showed that NOTCHl gene 
mutation frequency was 22%.^^ NOTCH! mutation frequencies in 
WNT-active patient group showed no significant difference when 
compared with the nonactive group. Moreover, ectopic 
expressions of T-ALL-specific oncogenic transcription factors 
{LM02, LYU, TLXl TLX3, BMI and TALI) in the same patient 
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Figure 6. p-CATENIN sIRNA treatnnent pronnotes apoptosis in leukennic T cells. The cells were cultured in RPI\/1I-1640 (Invitrogen Life 
Technologies) supplennented with 10% FCS, penicillin (50U/nnl) and streptonnycin (50nng/nnl; both fronn Invitrogen Life Sciences). l\/lolt4 cell 
line was transfected with lOOnivi of anti-p-catenin siRNA and nontargeting control siRNA. Reduction of p-CATENIN nnRNA expression was 
deternnined at 24, 33, 48 and 72 h after transfection. (a) p-CATENIN siRNA-treated sannples (B24-72) connpared with untreated cells (U24-72). 
(b) Deternnination of percentage of apoptotic cells by staining Annexin V and propidiunn iodide (PI) after 48 h of treatnnent. Apoptotic cells 
defined as AnnV^ Pl^ cells. Representative plots fronn one experinnent is shown, (c) Bar plots indicate the nnean value of three independent 
apoptosis experinnents. Apoptosis rate was significantly higher (P = 0.003) in p-CATENIN siRNA-treated cells as connpared with controls. 
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group"^^ showed no specific accumulation in either the active or 
inactive state of WNT. Although our findings show an active WNT 
signaling in childhood T-ALL, other nnechanisms may operate as 
well, for instance as shown in mammary carcinoma, where 
excessive autocrine or paracrine WNT production causes high 
WNT signaling in tumor cells.^^ 

Findings reported here support the notion that a subset of 
T-ALL cases, independent from the known risk factors discussed 
above, is characterized by deregulated WNT signaling. Because 
several small-molecule inhibitors exist that target Wnt signaling, 
these findings of abnormally high Wnt signaling in T-ALL offer the 
possibility of new therapeutic strategies. 
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Figure 7. Survival analysis in relation to the AXIN2 status in pediatric 
T-ALL patients, (a) Overall survival and (b) relapse-free survival rates 
show a trend in favor of patients with normal AXIN2 levels. The 
P-values were calculated using log rank test. 
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